The environments that harbor hematopoietic stem and progenitor cells are critical to explore for a better understanding of hematopoiesis during health and disease. These compartments often are inaccessible for controlled and rapid experimentation, thus limiting studies to the evaluation of conventional cell culture and transgenic animal models. Here we describe the manufacture and image-guided monitoring of an engineered microenvironment with user-defined properties that recruits hematopoietic progenitors into the implant. Using intravital imaging and fluorescence molecular tomography, we show in real time that the cell homing and retention process is efficient and durable for short-and longterm engraftment studies. Our results indicate that bone marrow stromal cells, precoated on the implant, accelerate the formation of new sinusoidal blood vessels with vascular integrity at the microcapillary level that enhances the recruitment hematopoietic progenitor cells to the site. This implantable construct can serve as a tool enabling the study of hematopoiesis.
hydrogel scaffolds | leukemia | mesenchymal stem cells | stem cell niche | tissue engineered bone marrow M igration and engraftment of hematopoietic stem and progenitor cells (HSPCs) in the bone marrow are widely observed phenomena with many clinical ramifications. In HSPC mobilization, cytokine administration promotes the egress of stem and progenitor cells into the peripheral circulation (1) . In HSPC transplantation, cells are transfused into the venous circulation of the recipient and home to the marrow for engraftment (2) . Migration and engraftment also are critical in the study of hematopoietic cancers and solid tumor metastasis. Blood and disseminated tumor cells share many similarities with the bone marrow homing and engraftment process of HSPCs (3, 4) . Moreover, the bone marrow has emerged as an attractive therapeutic target for cellular and molecular therapies that aim to modulate the host's blood and immune system (5) (6) (7) (8) . A deeper understanding of the mechanism that governs HSPC trafficking and engraftment is essential to improve the clinical effectiveness of hematopoietic transplantation, the development of new oncotherapies, and the targeting of bone marrow therapeutics.
A major challenge in probing the bone marrow microenvironment is that the experimental platforms to do so are nonphysiological and/or low-throughput in nature. In vitro models using transwell chambers have been explored to understand HSPC migration (9, 10) , but these experiments do not account for the complexity of this tissue and its components. The components of the bone marrow niche have been recognized as major regulators of HSPC migration (11) (12) (13) . These components include (i) a specialized sinusoidal vasculature, the gateway of hematopoietic cell trafficking; (ii) nonhematopoietic cells that support retention and engraftment by direct cell-cell interactions and by the secretion of soluble and insoluble factors; and (iii) a sponge-like geometry that concentrates hematopoietic cells and molecules within the cavity. In vivo experiments using adoptive transfer or parabiotic mouse models retain these components and are the gold standard for studying hematopoietic cell trafficking in a physiological setting (14, 15) . Although these methods provide valuable insight into migration and functional engraftment of HSPCs, in situ analysis of the dynamics of cells in the bone marrow remain elusive because of the anatomical inaccessibility and opacity of bone. Intravital imaging of calvarial bone marrow has been developed to capture an unprecedented level of HSPC dynamics in the bone marrow and has contributed significantly to our understanding of hematopoietic niches (16, 17) . Aside from the likelihood that calvarial bone may not represent other classical marrow cavities, a key limitation with this approach and other in vivo studies is that the bone marrow microenvironment is determined by the host's genetics with little opportunity for manipulating cell populations in a controlled fashion. These limitations also restrict the modeling of humanspecific environmental interactions.
The goal of this study was to build a reproducible and accessible structure that can be used to create localized microenvironments with controlled and defined variables for experimentation. Ectopic implants that recreate key features of a tissue are an intermediate approach that can offer a tremendous advantage to the study and manipulation of a microenvironment for basic and applied research (18) . Investigators have attempted to make tissue-engineered structures that resemble bone (19) (20) (21) (22) , but considerable improvements are needed to allow adoption of these constructs in hematopoietic cell biology. We focused on important design criteria including (i) the opportunity for reproducible and user-defined properties such as the choice of substrate, extracellular matrix, cell types, and degradability; (ii) the ability to induce sinusoidal and medullar spaces emulating tissue development; (iii) accessibility and suitability for high-content imaging and complementary histological/cytological analysis; and, most importantly, (iv) the functional ability to capture and retrieve endogenous and transplanted hematopoietic cells efficiently. In this work, we have engineered humanized subcutaneous (s.c.) implants that combine a biomimetic design of hydrogel scaffolds with human bone marrow stromal cells (BMSCs) to form an artificial marrow cavity with high analytic capacity. A polyacrylamide hydrogel was used as the scaffolding material because it is biocompatible, mechanically durable, and amenable to uniform surface chemistry to functionalize This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: biju_parekkadan@hms.harvard. edu.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1208384109/-/DCSupplemental. the material (23) . An interesting feature of this implant is that it, in synergy with preseeded BMSCs, attracts and retains endogenous or systemically administered hematopoietic progenitor cells as well as other cells that have tropism for bone marrow (e.g., leukemia cells). The system thus allows systematic investigations of these cell populations in an easily accessible model, using imaging technologies with single-cell resolution.
Results

Microfabricated Hydrogel Scaffolds Mimic the Anatomy of Bone
Marrow Extracellular Matrix. Bone marrow is a soft, gelatinous, vascular, and cellular tissue that fills the inner space of bone matrix. Once all cellular and extracellular contents are removed, trabecular bone shows a sponge-like porous structure [pore diameter (D) = 300-900 μm] formed by the assembly of highly oriented type I collagen bundles ( Fig. 1A ). We designed our bioengineered implants to mimic the physical and anatomical features of the bone marrow while retaining a high analytic capacity. We used a template-based fabrication method using colloidal crystals to create polyacrylamide hydrogel scaffolds with precise microstructure that resembles decellularized bone (24) (25) (26) (27) . The final composition of the scaffold synthesis was a hydrogel that consisted of repeating units of hollowed out "cavities" interconnected by "junctions." The dynamic storage modulus of the hydrogel scaffold was 18.3 ± 6.8 kPa at 5% strain, comparable to that of other soft tissues (28, 29) ( Fig. S1 ). Type I collagen subsequently was conjugated on the scaffold surface at a concentration of 36.46 ng/mL using an intermediate, heterobifunctional crosslinker that displayed amine groups to form peptide bonds. The collagen coating did not alter the overall mechanical property of the scaffold but aided in future cell-adhesion studies. Scanning electron microscopy revealed remarkable structural similarity between the scaffold and decellularized cancellous bone at the microscopic and submicroscopic levels ( Fig. 1B ). BMSCs are key support cells that nurture HSPCs and are considered to be regulators of the bone marrow (30, 31) . We hypothesized that BMSC scaffolds might provide a more physiological microenvironment to attract and organize hematopoietic cells. BMSCs were isolated from healthy human bone marrow aspirates and were expanded ex vivo. BMSCs were CD44 + , CD106 + , CD14 − , CD34 − , CD45 − , CD73 + , and CD105 + and retained the ability to differentiate into osteogenic and adipogenic cells, consistent with their multipotent phenotype (32) . Human BMSCs adhered to the collagen-coated hydrogel surface as a stromal feeder layer with remarkable uniformity (Fig. 1C ).
We envisioned that, for the implant to create a local concentrated chemical environment for hematopoiesis to take place outside the bone marrow, the factors secreted by BMSCs (33) within the scaffold had to be optimized as a function of biomaterial pore size (Fig. 1D) . The pore size of the material is a combination of the cavity size and the junction size, which scales by a factor of approximately one-fourth the diameter of the cavity. For clarity, we refer to changes in pore size as a reflection of the change in cavity size. BMSC seeding and the release of secreted factors from the scaffold were compared in a range of cavity sizes to identify an optimum microenvironment. The homogeneity of BMSC coating correlated linearly with pore size but correlated inversely with seeding efficiency. For example, the smaller-cavity scaffolds (D = 75-105 μm) showed almost 90% BMSC-loading efficiency, but the seeding quality was compromised with a cellular gradient and local aggregation. The larger-cavity scaffolds (D = 425-500 μm) exhibited homogenous cell distribution across the scaffold but lost about 50% of cells ( Fig. 1E and Fig. S2 ). We next collectively evaluated BMSC secretions using an in vitro potency assay that quantifies the known paracrine, anti-inflammatory effects of BMSCs on immune cells (34) . BMSC-conditioned medium collected from the biomaterials had enhanced anti-inflammatory effects (less IFN-γ release by stimulated immune cells) with reducing cavity size as compared with 2D culture platforms (Fig. 1F) . These data indicate a significant enhancement of the potency of BMSC-secreted factors by 3D hydrogel culture; this enhancement could be caused by a global up-regulation of particular agents or new mediators that were expressed in 3D. We also measured a subset of known BMSC-secreted factors that are associated with bone marrow homeostasis. BMSC secretion of VEGF, IL-6, and IL-8 was enhanced in these 3D biomaterials, whereas secretion of stem cell-derived factor-1 (SDF-1) was independent of culture formats (Fig. 1G ). Because of these results, we chose a cavity size of 150-300 μm for in vivo testing to allow maximum space for host cell infiltration/migration in the scaffold without compromising BMSC seeding efficiency, homogeneity, and function.
Subcutaneously Implanted BMSC Scaffolds Induce Vascularized, Hematopoietic Tissue Formation. We developed and optimized an implantation method to observe the effects of scaffolds on the native hematopoietic system in recipient mice. Immunocompromised mice were s.c. implanted with human BMSC-seeded or unseeded scaffolds having four different cavity diameters. The effect of BMSCs on scaffold cell infiltration was dependent on cavity size in a distinct range of 150-300 μm (Fig. S3 ). Semiquantitative histological analysis of this cavity range showed rapid increment of nucleated cell infiltration in BMSC-seeded scaffolds compared with unseeded scaffolds over a 4-wk period (Fig. S4 ). These data correlate well with previous in vitro characterization and confirmed that scaffolds with a cavity of 150-300 μm were optimal for BMSC-mediated tissue formation in vivo. We next characterized the interscaffold vasculature development of implanted biomaterials. Four weeks after implantation, BMSC implants grossly showed pronounced high-bore vessel formation that presumably perfused the newly formed microtissue ( Fig. 2A ). Corrosion casts of the biomaterials verified patent macroscopic vasculature that gradually extended throughout the entire structure ( Fig. 2B ). Immunohistostaining of mouse CD31, a marker found primarily on endothelial cells, was significantly higher in BMSC-seeded scaffolds and was consistent with increased angiogenesis (Fig. 2 C and D) . VEGF receptor 3 (VEGFR3), a specific receptor expressed by sinusoidal endothelium (35) , also was detected in all scaffolds, suggesting that a specialized endothelial cell structure was induced by the biomaterial ( Fig. 2E) . We further examined the interscaffold vascularization process by surgically grafting a dorsal window chamber directly on to the implanted scaffold for intravital microscopy (Fig.  2F) . Intravenously (i.v.) injected FITC-dextran illuminated the vasculature through the transparent hydrogel matrix and substantiated real-time blood circulation in these microenvironments.
Hematopoietic cells residing within the material exhibited autofluorescence at 620-680 nm (Fig. S5) , which helped to distinguish these cells from the implant. In general, the diameter of recruited blood vessels decreases gradually as they enter the scaffolds but remains similar within the scaffolds, akin to arteriolar perfusion of a capillary bed (Fig. 2G) . Notably, more than 70% of interscaffold blood vessels have diameters between 10 and 50 μm, values that are comparable with the known sinusoidal diameters of human bone marrow (36) (Fig. 2H) .
The implanted biomaterials had an organized and distinct cellular milieu in BMSC-seeded scaffolds as compared with unseeded controls. Unseeded scaffolds generally contained a mixture of fibroblastic and adipocytic cells, whereas BMSC-seeded scaffolds were populated with atypical hematopoietic cells that had a high nuclear:cytoplasm ratio consistent with the morphology of progenitor cells (Fig. 2I ). By overlaying corrosion casts and histological and scanning electron microscopy images, the tissue architecture in the scaffolds could be compartmentalized into three distinct regions: (i) blood vessels located at the cavity center, (ii) intermediate, nonhematopoietic tissue, and (iii) a cortical region harboring hematopoietic cells ( Fig. 2J and  Fig. S6 ). The estimated tissue space created by a single scaffold was equivalent to 2% of the endogenous mouse bone marrow or 0.04% total body weight ( Fig. S7 ).
BMSC Scaffolds Attract Endogenous Hematopoietic Progenitors to
the Implantation Site. Four weeks after implantation, we harvested hematopoietic cells from the retrieved scaffolds and evaluated the identity of cells. BMSC-laden scaffolds (0.68 ± 0.21%) were more than a log-enriched in Lin − Sca-1 + c-kit + (LSK) progenitor cells as compared with unseeded scaffolds (0.05 ± 0.03%) (Fig. 3A) . This recruitment was specific to BMSCs, because scaffolds seeded with human skin fibroblasts did not attract the same percentage of LSK cells and had calcification associated with the material (Figs. S8 and 9 ). The frequency of LSK cells in BMSC-seeded scaffolds was ∼20% of the endogenous bone marrow after normalizing for cell number (Fig.  3B ). No major differences were observed in hematopoietic lineage cells in the implants except for higher frequencies of CD3 + cells, which were independent of BMSCs (Fig. 3C ). In addition, no systemic differences were observed in blood cells of scaffoldimplanted mice (Fig. 3D ). Collectively, these data suggest that these implants can attract endogenous mouse LSK cells spontaneously and develop an equilibrium state with the native bone marrow that does not alter overall blood cell counts.
Retention of Human Hematopoietic Progenitor Cells After Direct
Delivery to BMSC Scaffolds. We used a direct injection procedure to examine whether the scaffold can accommodate and subsequently detain a large number of hematopoietic cells (Fig.  4A ). Approximately 5 × 10 5 human CD34 + cells that were prestained with an infrared dye were injected directly into a scaffold in sublethally irradiated mice. We monitored the cells' shortterm retention within the scaffolds for 3 d using fluorescent molecular tomography (FMT). FMT revealed that a higher portion of human CD34 + cells remained in the BMSC-laden scaffolds than in unseeded scaffolds, whereas the fluorescent signal decreased rapidly in mice without scaffolds that received an s.c. cell injection (Fig. 4B ). Immunohistological analysis after 7 d showed significantly increased cellularity within the scaffolds, indicating successful transplantation of mononuclear cells into the scaffolds (Fig. S10 ). We further evaluated long-term engraftment of directly transplanted human CD34 + HSPCs (2 × 10 5 ) to the scaffolds of sublethally irradiated NOD-scid IL2rγ null (NSG) mice. Mice without scaffolds served as controls and were injected i.v. or s.c.. After 16 wk human CD45 + leukocytes were detected in the scaffolds and also in the native bone marrow. BMSC-seeded scaffolds retained a significantly higher percentage of human CD45 + cells than unseeded scaffolds (Fig. 4C) . The bone marrow of both BMSC and unseeded scaffolds showed significantly higher percentages of human CD45 + cells than s.c. injected control mice. Although scaffold-implanted mice never reached the levels of human chimerism observed in i.v. recipients of HSPCs, these data show that human cells remain viable for longterm functional studies.
Systemic Recruitment of Intravenously Injected Human HSPCs and
Leukemic Cells to Implanted Microenvironments. The value of these implants in recruiting i.v. delivered human HSPCs and leukemic cells was explored next (Fig. 5A ). Four weeks after implantation, Nu/Nu mice were sublethally irradiated and i.v. injected with 1 × 10 5 human CD34 + cells. After 3 d, immunohistostaining of human nuclei revealed that implanted scaffolds supported the homing and retention of circulating human CD34 + cells (Fig. 5B ). We repeated this short-term migration study using fluorescently labeled human TF-1a cells, a model leukemic stem cell line (2 × 10 6 cells per mouse). Direct confocal imaging of explanted scaffolds shows that significantly more leukemic cells engrafted in BMSCseeded scaffolds 6 h after injection (Fig. 5C ). FACS analysis confirmed that there were twice as many TF-1a cells in BMSCseeded scaffolds than in unseeded scaffolds and that was 39% of TF-1a cells detected relative to the bone marrow engrafted TF-1a cells. (Fig. 5D ).
We then investigated dynamic interactions between scaffoldinduced vasculature and human TF-1a leukemic cells by intravital confocal imaging. Human TF-1a leukemic cells were i.v. injected into implant-bearing mice (2 × 10 6 cells per mouse). Circulating TF-1a cells were detected 30 min after injection, and their tethering to vessels was noticed after 3 h. TF-1a cells were detected in blank scaffolds ( Fig. 5E and Movie S1), but significantly more TF-1a cells were engrafted in BMSC-seeded scaffolds ( Fig. 5F and Movie S2). By 5 h, we began to observe actual extravasation of cells into the scaffold and migration toward the cortical space at single-cell resolution. Further quantitative analysis of vascularly tethered TF-1a cells in the BMSC-seeded scaffold indicated that 75% of circulating leukemic cells tethered on interscaffold vasculature having a diameter of 10-30 μm (Fig.  5G) . These length and time scales of engraftment are highly corroborated by in vivo engraftment of hematopoietic cells and fulfill our biomimetic design goals. These data demonstrate that BMSC-seeded scaffolds could serve as a controlled microenvironment for the study of crosstalk between a tissue and hematopoietic stem and cancer cells.
Discussion
We have developed an implantable microenvironment to enable the detailed and controlled study of bone marrow migration and engraftment of human HSPCs and leukemic cells. The rationale of our approach was inspired by extramedullary hematopoiesis in which the body develops hematopoietic-inductive spaces for the ectopic growth of HSPCs during states of bone marrow failure. This compensatory process is a well-recognized clinical observation that occurs in a variety of nonosseous tissues including the spleen, liver, and skin (37) (38) (39) . Although extramedullary sites do not have the same microenvironment as the endogenous bone marrow, they are assumed to retain the essential elements involved in HSPC migration and engraftment. We used a bioengineering approach to recapitulate this functional microenvironment s.c. to study hematopoietic biology.
The biomimetic design and analytical capacity of this implant are important aspects that help standardize experimentation (40, 41) . For instance, the structure and chemistry of the polyacrylamide hydrogel scaffolds are precise and promote reproducible tissue development after implantation. At a study end point, the hydrogel matrix can be ruptured physically to retrieve cells from the explanted scaffolds for molecular analysis. The optical transparency of hydrogel scaffolds permits high-resolution intravital confocal imaging that is difficult to achieve with conventional engineered bone-tissue scaffolds that typically are made with tricalcium phosphate, hydroxyapatite, and other opaque polymeric materials. These features allow quantitative characterization of this system when combined with conventional analytical methods.
The 3D culture of human BMSCs in hydrogel scaffolds enhanced the secreting function of stromal cells. Interestingly, only specific cytokines were up-regulated in the scaffolds. IL-6, an immunomodulatory cytokine, and VEGF, an angiogenic growth factor, showed dramatically increased levels, whereas IL-8, a chemokine, showed minimal increase. SDF-1 secretion, a separate chemokine pathway, was independent of culture substrates. A 3D geometry built with the hydrogel matrix specifically activated the BMSC secretion pathway, likely by mechanical signaling, and potentially can tailor the secretome of these cells for distinct functions. We presume that the factors secreted by BMSC that are concentrated and released in this environment enhanced the vascularization and attraction of hematopoietic cells that resided with the implant. A significant increase in the number of endogenous HSPCs was detected in BMSC-seeded scaffolds, suggesting that these implanted microenvironments retain some elements of a hematopoietic-inductive milieu, although a detailed analysis of the mechanism is required. Nextgeneration technology that builds on this platform, including the use of growth factor-impregnated scaffolds, new preseeded cell mixtures that enhance tissue development, and genetically engineered cell types to evaluate competitive engraftment in the same host, can assist in defining a mechanism.
Subdermally implanted scaffolds induced the development of two important tissue structures found in the bone marrow niche: a sinusoidal-like vasculature and interstitial space for the housing of a large number of hematopoietic cells. Previous studies of similar scaffold designs have shown that the pores 30-40 μm in diameter efficiently promote vascularization upon implantation (42) . These designs, although promoting vasculature, do not create a separate organized hematopoietic cavity for the influx and efflux of cells. VEGFR3 + endothelium was detected in these materials, indicating that endothelial cells either trafficked to or differentiated at the interface between the biomaterial and the intercavity tissue. The platform can be used to study the interaction of hematopoietic cells with this sinusoidal endothelial structure.
Grafting a skin window to an implant allows direct real-time characterization of the interaction between an implanted microenvironment and trafficking cells at single-cell resolution under physiological conditions. Dorsal skinfold chambers have been used extensively for intravital imaging of tumors and other tissues (43) (44) (45) ; in our study we used this system for in situ observation of hematopoietic cell trafficking in an implanted scaffold. One advantage of a skinfold window chamber is the opportunity to image the microenvironment noninvasively over time scales that are relevant to cell homing, localization, and interactions of hematopoietic stem and cancer cells; currently, the use of other methods for such imaging is limited (46) . Our intravital imaging studies demonstrate that (i) leukemic cell homing and localization processes occur within 5 h after systemic administration; (ii) extravasation requires prevascular adhesion and takes about 20 min; and (iii) extravasated leukemic cells actively migrate and localize in the medullary space of the microenvironment. The majority of leukemic cells adhered to blood vessels having diameters of 10-30 μm, two to three times larger than the size of the cells. Our data indicate that the degree of vascularization, vasculature anatomy, and blood flow mechanics may play important roles in leukemic cell migration.
In conclusion, we have demonstrated the potential of an implantable microenvironment for the study of dynamic interactions of hematopoietic stem and cancer cells during engraftment and retention. We envision that such an ectopic marrow system can serve as a clinical research tool that may enable mechanistic studies of HSPC homing biology as well as intermediate-risk acute myeloid leukemia and myelodysplastic syndrome cell engraftment (which rarely occurs in immunocompromised mice) by improving the efficiency of cell transplantation. Continued advances in these bioengineered implants with newer features to mirror the bone marrow niche can contribute greatly to an understanding of human hematopoietic cell biology.
Materials and Methods
Fabrication of Inverted Colloidal Crystal Hydrogel Scaffolds and Human BMSC Culture. Scaffolds were prepared as described previously (26) , and the surface was coated with type I collagen using an amine-reactive cross-linker (Sulfo-SANPAH; Pierce). BMSCs were isolated and expanded as reported previously (32) . A dense suspension of BMSCs (1-5 × 10 5 cells in 20-30 μL) was dropped on top of a dehydrated scaffold. After 4-6 h, BMSCs adhered to the pore surface.
Subcutaneous Implantation of Biomaterials in Mice. Athymic Nu/Nu or NODscid IL2rγ null mice (6-8 wk old) were anesthetized, and a 4-mm incision was made at four different sites to create an s.c. pocket for implantation. Before implantation, BMSCs were cultured within the scaffolds for 1-3 d. All animal experiments were approved by the Institutional Animal Care and Use Committee of Massachusetts General Hospital and the Norwegian Animal Research Authority.
Human Bone Marrow Cell Transplantation. Mice were irradiated sublethally 1 d before cell transplantation. Then 200 μL of human CD34 + cells (1 × 10 5 ) or TF-1a leukemic cells (2 × 10 6 ) was injected through the tail vein. For direct scaffold or s.c. injection, the injection volume was maintained at 50 μL per scaffold, but cell numbers were varied to match the total number of transplanted cells in i.v. injected mice.
Intravital Confocal Imaging. A dorsal skinfold chamber was installed on top of the implanted scaffold in mice. The mouse was placed on a stage and was imaged using confocal microscopy (Olympus IV100). The target region was found by visualizing the colocalization of autofluorescent hematopoietic cells (emission: 670 nm) with the local vasculature after a tail-vein injection of 10 mg/mL FITC-dextran (excitation: 488 nm/emission: 520 nm). Then 2-3 × 10 6 human leukemia cells prestained with a DM-Dil CellTracker dye (Invitrogen) (excitation: 553 nm/emission: 570 nm) were injected followed by real-time confocal imaging of the target region for 30 min every 1-2 h for the first 6 h.
